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We present a search for extra dimensions in the diphoton channel using the CMS detector at the Large Hadron 
Collider. The search is focused on the forthcoming 2009-2010 run at 10 TeV center— of— mass energy and ~ 100 
pb — 1 of data. We discuss event selection and optimization, as well as data-driven methods of estimating various 
backgrounds and efficiencies. The dominant source of background after all the selection requirements is SM 
diphoton production. We quote the sensitivity of the search both in terms of limits on the parameters of large 
and warped extra dimensions in the case of no excess observed, and in terms of signal discovery significance, if 
an excess is seen in data. 



1. Introduction 

New approaches which exploit the geometry of ex- 
tra spatial dimensions have been proposed to resolve 
the hierarchy problem of the Standard Model [lj [2j [3] . 
The hierarchy problem refers to the large difference 
between the Planck scale (Mpi ~ 10 16 TeV) where 
gravity is expected to be strong, and the scale of elec- 
troweak symmetry breaking (~ 1 TeV). The scenario 
proposed by Arkani-Hamed, Dimopoulos and Dvali 
(ADD) deals with the case in which the hierarchy is 
generated by a large volume for the extra dimensions 
PQ. The Randall-Sundrum (RS) scenario suggests 
that the observed hierarchy is created by a warped 
extra dimension [2]. If these theories, in fact, describe 
the origin of the observed hierarchy, then their signa- 
tures should appear at TeV scale experiments. 

Here we present a search for large extra dimensions 
and warped extra dimensions in the diphoton channel 
using the CMS detector at the Large Hadron Collider 
(LHC).The search is focused on the forthcoming 2009- 
2010 run at 10 TeV center-of-mass energy [T2l 115] . 



2. Large Extra Dimensions 

Compact large Extra Dimensions (ED) are an in- 
triguing proposed solution of the hierarchy problem 
of the Standard Model (SM), which refers to the 
puzzling fact that the fundamental scale of gravity, 
Mpi ~ 10 19 GeV, is so much higher than the elec- 
troweak scale Mewsb ~ 10 3 GeV. With such a differ- 
ence in scale, it is difficult to protect the Higgs mass 
from radiative corrections without a very high degree 
of fine-tuning. 

The original proposal to use ED to solve the hier- 
archy problem was presented by Arkani-Hamed, Di- 
mopoulos, and Dvali (ADD) pQ. They posit a sce- 
nario whereby the SM is constrained to the common 
3+1 space-time dimensions, while gravity is free to 
propagate through the entire multidimensional space 
("bulk"). Because of this, the gravitational force is 
effectively diluted, having undergone a Gauss's Law 
reduction in the flux. The fundamental Planck scale. 



Md is therefore related to the apparent scale, Mpi, 
according to the formula: 
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where R and 71ed are the size and number of the ED, 
respectively. Current experimental constraints allow 
a scenario with tied > 2 corresponding to ED sizes 
< 10 _1 mm. 

For virtual graviton processes, the effects of ED 
are parameterized via a single variable r\Q — T '/Mg, 
where T is a dimcnsionless parameter of order unity . 
Several conventions for T are used in the litera- 
ture (U [51 IS] ; we use the one after Han, Lykken, and 
Zhang g]: 



T 




(2) 



which is the only convention to date that has an ex- 
plicit dependence on the number of ED. 

Collider phenomenology of models with large ED 
has been studied in many details [H El [8] . In this 
analysis we present an early measurement of virtual 
graviton production in the diphoton final state with 
early data of 10 TeV pp collisions at CMS [12]. 

2.1. Photon Identity at CMS and Event 
Selection 

Due to the large amount of material in the CMS 
tracking detectors, electrons and photons in CMS tend 
to radiate and convert. The resulting pattern of en- 
ergy in the electromagnetic calorimeter (ECAL) looks 



^^Here Mg is a ultraviolet cutoff used to regularize the calcu- 
lation; it is expected to be close to Mo, but may be somewhat 
different from the latter, thus emphasizing complementary na- 
ture of virtual graviton exchange and other ways of probing 
large ED, e.g. by exploring direct production of gravitons in 
association with a photon or a jet. 
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Figure 1: Photon efficiency as a function of Et and rj. 
Photon reconstruction, pixel detector veto, photon isola- 
tion, and the overall efficiency are shown. (The pixel detec- 
tor veto and photon isolation efficiency are shown on top 
of the reconstruction efficiency.) In each plot, \n\ < 1.5. 



like several closely-spaced clusters of energy ( "super- 
cluster"). We reconstruct photons more than 50 GeV 
of Et in the barrel region (|^| < 1.5) by consider- 
ing ECAL superclusters that do not have associated 
pixel detector hits (which would indicate an electron 
or positron) and have a loose requirement on the max- 
imum amount of hadronic energy near the superclus- 
ter. We can reduce jets misidcntificd as photons signif- 
icantly without a large loss in efficiency by placing re- 
quirements on a set of isolation variables. These vari- 
ables are HadronicOverEM, Tracking Isolation, ECAL 
Isolation, and HCAL Isolation (see details in |12j). 

The efficiency of these requirements are shown in 
Fig [l] as a function of Et and r\, using a high Et 
diphoton sample. The efficiencies to reconstruct the 
photon candidate, pixel tracker veto, and isolation re- 
quirements are shown separately as well as combined. 

In this analysis we also also require diphotons to be 
M 77 > 700GeV. 



2.2. Backgrounds 

We can categorize the backgrounds broadly into two 
types: irreducible and instrumental. The instrumen- 
tal backgrounds constitute the misidentification of jets 
and electrons as photons. Jets can fake direct photons 
when they fragment into a leading 7r°/ry. Electrons 
can fake direct photons through tracking inefficien- 
cies or bremsstrahlung . The irreducible background is 
the SM production of diphotons principally through 



i-channel diagrams. The analysis strategy is to reduce 
the instrumental background to be negligible com- 
pared to the irreducible direct diphoton background 
and then deal with the latter using kinematic cut op- 
timization. 

2.2.1. Jets Reconstructed as Photons 

Dijet events and direct photon production can both 
result in reconstructed diphoton events. We measure 
the jet-faking-photon rate by using a MC dijet sam- 
ple with no direct photon contamination. The fake 
rate is calculated as a function of Et by taking the 
reconstructed photon Et spectrum and dividing it by 
the jet Et spectrum. The ratio is fit to a polynomial 
curve. We then apply this rate to jets in both dijet 
and direct photon events to determine the background 
contribution from each. The fake rate determination 
depends on our ability to remove QCD direct pho- 
ton contamination from dijet data (or direct diphoton 
contamination from the direct photon sample) . With- 
out such a subtraction, the fake rate will be measured 
higher than it should be. We studied a template fit 
using 7 — > e + e~ conversions to determine the fraction 
of jets and direct photons in a given sample, a method 
used in, e.g., Ref. [7]. We compare total transverse en- 
ergy in the superclusters with the sum of transverse 
momenta of the associated tracks from photon con- 
versions. A high Et/J^Pt ratio is indicative of a 
7r°/?7 — ► 77, as typically only one of the two photons 
undergoes a conversion, whereas a lower ratio indi- 
cates a converted prompt photon. We demonstrated 
that the method works well using dijet MC samples 



2.2.2. Electrons Reconstructed as Photons 

We determined the electron-photon mis- 
identification rate, / e7 , in Z events using a completely 
data-driven approach. We reconstruct Z events with 
e + e~ and pairs in the Z mass window. The fake 
rate is then given by 
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where N ee and N ei are the number of reconstructed 
Z's with ee and ej pairs, respectively. We find that 
fe-y = (0.86±0.20)%, and apply this rate to high mass 
e + e~ events from Drell-Yan production |12j . 

2.2.3. Diphotons 

Our strategy for this background is to assume that 
the MC describes the shape of the diphoton mass dis- 
tribution well and then get the absolute normalization 
by normalizing this shape to data in a signal-depleted 
region (M 77 < 500 GeV). 

For 300 GeV < M 77 < 500 GeV, the data is domi- 
nated by diphotons, although at lower mass, the direct 
photon and dijet contributions are non-negligible. 
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Our strategy is to tighten the photon ID cuts to re- 
duce the jet-faking-photon rate by an additional factor 
of 3-4. This background reduction allows us to collect 
a relatively clean sample of direct photons at low in- 
variant mass, which we can then use to normalize the 
background. 

In 100 pb _1 of data, we can normalize the diphoton 
background to 15.3±4.9 (stat) ±1.9 (syst) events with 
100 pb" 1 of data, that is 34% relative uncertainty 

Figure [2] shows the invariant mass distribution of 
each of the backgrounds as well as a signal distribution 
with the optimized |?7| < 1.5 requirement |12j . 
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Figure 2: Background and signal expectations as a func- 
tion of invariant mass. We find that the optimal point for 
exclusion is Af 77 > 700 GeV. In the above plot ADD in- 
cludes both SM direct diphoton production as well as the 
effects of large ED. 



2.3. Results 

2.3.1 . Systematics 

Early analysis is expected to be dominated by a 
large uncertainty on the integrated luminosity, the 
photon ID efficiency, and diphoton background nor- 
malization. We do not plan to do a thorough cross 
section analysis, so we assign a conservative 10% un- 
certainty to the combined product of the diphoton ef- 
ficiency and integrated luminosity. Since the dom- 
inating source of background is the diphoton pro- 
duction, the uncertainties on the fake background 
are not relevant for this analysis. We assign a sys- 
tematic uncertainty on the background of 5B/B = 



10%© 340%/ y J Ldt /pb, which includes a systematic 
uncertainty on the if-factor shape and the statisti- 
cal uncertainty from the diphoton normalization(see 
details in [12]). 

2.3.2. Limits on Large Extra Dimensions 

To establish the existence or to set limits on signal, 
we perform a counting experiment within the kine- 
matic range given by the optimized cuts. We use a 



Bayesian method with a flat prior chosen for the signal 
cross section to determine the expected limit assuming 
a background-only hypothesis. We further translate 
the cross section limits into limits on the parameters 
of the ADD model [H]. 

The expected 95% CL limit together with the signal 
cross section parameterization as a function of r\c are 
shown on the left in Fig. [3] The intersection of the 
cross section limit with the signal cross section curve 
determines the upper 95% CL limit on the parame- 
ter t\g- As seen from the plot, these limits for the 
100 pb" 1 data set are equal to rj 9 G 5 =0.0173 TeV" 4 
and 1/M|(n = 2,95%) = 0.0199 TeV" 4 . We further 
translate these limits into the lower limit on the fun- 
damental Planck scale for various numbers of extra 
dimensions 7Jed , as shown in Table [T] This is calcu- 
lated trivially for tied — 2 and for ued > 2 by using 
Eq. [2] In addition, we quote 95% exclusion for inte- 
grated luminosities of 50 and 200 pb" 1 . These limits 
are shown in Fig. [3] as well as in Table [T] 
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Figure 3: Signal cross section parameterization as a func- 
tion of the strength of the ED effect, r\c for the tied > 2 
case (left) and as a function of 1/Mf for the ued = 2 case 
(right). 



Note that the limits on the fundamental Planck 
scale expected from this search with ~ 100 pb -1 of 
data are approximately twice as high as the best sen- 
sitivity achieved so far (at the Tevatron) [Sj and rep- 
resent a significant extension in the previously un- 
explored region of the parameter space of the ADD 
model. 



4 



Proceedings of the DPF-2009 Conference, Detroit, MI, July 27-31, 2009 



n E D 


95% CL Limit 


on M s 




50 pb" 1 


100 pb" 1 


200 pb" 1 


2 


2.5 TeV 


2.7 TeV 


2.9 TeV 


3 


3.0 TeV 


3.3 TeV 


3.5 TeV 


4 


2.6 TeV 


2.8 TeV 


3.0 TeV 


5 


2.3 TeV 


2.5 TeV 


2.7 TeV 


6 


2.1 TeV 


2.3 TeV 


2.5 TeV 


7 


2.0 TeV 


2.2 TeV 


2.4 TeV 



Table I Table of 95% CL limits on Ms as a function of 
the number of ED for three characteristic integrated lumi- 
nosities expected to be reached in 2010. 
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Table II Luminosity needed for observation or discovery 
given the Ms and n EE > parameters. 



2.3.3. Discovery Potential for Extra Dimensions 

To estimate the discovery potential, we calculate 
the Poisson probability for the background to fluctu- 
ate to or above the number of events n observed in 
the counting window. We further convert the p-value 
into the Gaussian significance of a one-sided fluctua- 
tion, represented as a number of standard deviations, 
a. However, we want to ensure that the discovery is 
not claimed based on just one event observed. There- 
fore, we also control the number of expected events, 
S + B and require this number to be at least 3 to 
claim 3cr evidence and 5 to claim a 5er discovery [T3] . 
(This is not a mathematically strict, but nevertheless 
a popular choice in the literature, which, for one, en- 
sures that an observation luminosity always exceeds 
the 95% CL limit luminosity.) 

The results for our counting experiment are shown 
in Fig. [4] and also listed in Table [TT] As one can 
see, a 5a discovery for the case of Ms = 2 TeV 
and nED < 6 is possible with less than 75 pb -1 of 
data With 130 pb -1 the discovery is possible up to 
M s = 2.5 TeV and n ED < 4. For M s > 3 TeV the 
first LHC run is not expected to be sufficient to claim 
either the discovery, or even a 3cr evidence for the 
signal. However, even with 100 pb -1 of data a con- 
siderable region of previously unexplored parameter 
space can be probed with the discovery sensitivity. 
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Figure 4: Luminosity required for signal discovery for dif- 
ferent values of Ms and number of ED. Shown on the 
y-axis is the corresponding p- value (in one-sided Gaussian 
ex's). Points on the lines indicate consecutive integer num- 
ber of signal events; points corresponding to 1, 3, and 5 
events are labeled accordingly. Requiring at least 3 events 
for observation or 5 events for discovery ensures that dis- 
covery cannot be claimed based on a single, golden event. 

3. Warped Extra Dimensions 

The Randall- Sundrum (RS) scenario suggests that 
the observed hierarchy is created by a warped extra 
dimension [2]. 

RS models posit that our universe is described by 
a higher-dimensional warped geometry. The warping 
of the extra dimension causes the energy scale of one 
end of the extra dimension to be much larger than 
at the other end. In the simplest RS models, our 
universe is represented as a 5-dimensional space, and 
all particles, except for the graviton, arc localized on 
(3 + l)-dimensional brane(s). 

We consider RS-1 model, which have a finite size for 
the extra dimension, with two branes, one at each end. 
The observed hierarchy is generated by a geometrical 
exponential factor; gravity originates on the Planck 
brane and the graviton wave function is exponentially 
suppressed as we move along the extra dimension away 
from the Planck brane. 

Gravitons appear as a tower of Kaluza-Klein ex- 
citations with masses and widths determined by the 
parameters of the RS-1 model: the mass of the first 
graviton excitation mode Mi, or Mg, and the dimen- 
sionless coupling parameter k = k/Mpi. Precision 
electroweak data require that k > 0.01, while the re- 
quirement that the model remains perturbative con- 
strains k < 0.1. 

This analysis utilizes the results of the search for 
graviton decays in the diphoton channel of the ADD 
model of large ED [12] . The strategy for this dipho- 
ton resonance search is to use the results from the 
non-resonant large ED search to extract limits on and 
probe the possibility discovery of the RS warped extra 
dimension model [15] . This approach is slightly less 
sensitive than a dedicated analysis for the search for a 
diphoton resonance. However, since the backgrounds 
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Figure 5: Diphoton invariant mass spectra after selection 
is applied, scaled to 100 pb _1 for Afj = 750, 1000, 1250, 
and 1500 GeV, k = 0.01 samples. 



are small, the limits from such an approach will not 
be affected significantly. 

3.1. Signal and Event Selection 

The signal for our search consists of two high energy 
photons, arising from the decay of an RS-1 graviton. 
The signal samples span Mi = 750, 1000, 1250, and 
1500 GeV with k = 0.01. 

The dominant background for the diphoton decay of 
the RS-1 graviton is SM diphoton production and the 
instrumental backgrounds are negligible. A detailed 
description of background Monte Carlo samples and 
the procedures used for estimating backgrounds with 
data-driven methods can be found in the large ED 
note H2]. 

For this analysis, we apply the same event selection 
requirements as used in the large ED analysis, as fol- 
lows: Photon px > 50 GeV , Photon \rj\ < 1.5, and 
M 77 > 700 GeV. 

The plots in Figure [5] show the diphoton invariant 
mass spectra for the signal samples, after the selection 
is applied and scaled to 100 pb _1 . 

In this analysis, we consider the signal acceptance 
(after cuts are applied, as measured for MC truth 
particles) and the photon reconstruction and identi- 
fication efficiencies separately. While the signal ac- 
ceptance is between 50% — 67% the efficiency for 
reconstructing and identifying photons is between 
63% — 59%, depending on the mass (see the details 
in |13jV The photon reconstruction and identifica- 
tion requirements are described in detail in the large 
ED analysis note [12]. 

It should be noted that the diphoton efficiency mea- 
sured by the large ED analysis was 72 ±7%, which dif- 
fers from what is measured for the RS analysis; this 
difference is taken into account in the calculation of 
the limits and discovery reach, as described in the fol- 
lowing sections. 
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Figure 6: Limit on RS parameters (Mi,k), extrapolated 
from the results of the large ED diphoton search for 
100/pb. The area to the left of the curves is excluded. The 
gray shaded region shows the area excluded for < 10 
TeV. The area below the dash-dotted line is excluded by 
precision electroweak data |14j . 



3.2. Results 

3.2.1. Limits on RS Model Parameters 

After calculating the acceptance after selection for 
our RS-1 Gkk samples, we extrapolate these rates to 
limits on the model parameters: the graviton mass 
Mi and the coupling parameter k. Here, we take ad- 
vantage of the results of the non-resonant large ED 
graviton search. The details for the extrapolation of 
the large ED limit can be found in the [T3] . 

Figure [6] which shows the extrapolated limit in the 
(Mi,k) plane. We see from this figure that with 50 
pb _1 , we can place a 95% lower limit on a graviton 
of mass up to roughly 1.2 TeV with fc=0.1. Likewise, 
with 100 pb _1 , we can place a lower limit on a gravi- 
ton mass up to 1.35 TeV with A:=0.1. We extend the 
sensitivity beyond the reach obtained at the Tevatron 

nnnu. 

3.2.2. Discovery Potential for RS Warped Extra Dimension 

We also consider the signal discovery potential for 
the RS-1 warped extra dimension model and calculate 
the estimated integrated luminosity needed to estab- 
lish a signal. To estimate the discovery potential we 
used the same method as used in the large ED [T2"] . 
It should be noted that the photon efficiency has been 
taken into account in this calculation, as described in 
Section |3~2~T1 

The results are shown in Fig [7] We can see that 
with as little as 30 pb _1 we can claim a 5cr discovery 
for a 1 TeV mass graviton with k = 0.1. With 100 
pb _1 , we can claim 5cr discovery for a 750 GeV RS 
graviton with k — 0.03, and with 130 pb _1 we can 
claim a discovery for a 1.25 TeV RS graviton with 
k = 0.1. We see that, even with a small sample of 
early LHC data, we can cover a large range of the 
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parameter space, particularly if the coupling is strong 
[13]. 




Integrated Luminosity (pfc> 1 ) 



Figure 7: Luminosity required for signal discovery for var- 
ious values of the RS-1 model parameters Mi and k. The 
y-axis shows the corresponding p value (in one-sided Gaus- 
sian cr's). Requiring at least 3 events for observation and 5 
for discovery ensures that the discovery cannot be claimed 
on a single event. 



4. Conclusion 

To summarize, we performed a MC study of the sen- 
sitivity of the CMS experiment to models with extra 
spatial dimensions [I] in the diphoton final state in the 
2009-2010 LHC run at the center-of-mass energy of 10 
TeV [TSJ [T3] . We developed identification cuts essen- 
tial for photons at large transverse momenta, typical 
of such a signal, and showed that instrumental back- 
grounds can be kept under control. In the absence of 
an excess over the dominant SM direct diphoton back- 
ground in a 100 pb _1 data set, we set an upper limit 
on the parameter r/a of the ADD models of 0.0173 
TeV -4 at the 95% CL, which translates in the lower 
limits on the effective Planck scale of Ms > 2.8 TeV 
for tied = 4, which is twice as stringent as the best 
limits to date coming from the Tevatron [9]. In the 
presence of the signal, it can be observed at a 5 stan- 
dard deviation level up to Ms — 2.5 TeV and tied = 4 
with rj 130 pb _1 of data. We also investigate the fea- 
sibility of discovering a high mass diphoton resonance 
[5] with the CMS detector. We place limits on the 
RS-1 parameters (M 1; k) and probe the discovery po- 
tential of the RS-1 model, utilizing the results of the 
ADD graviton search in the diphoton channel. With 
100 pb _1 , we can place a 95% CL limit on a graviton 
mass up to 1.35 TeV with fc=0.1. Likewise, with 100 
pb _1 , we can claim 5a discovery for a 750 GeV RS 
graviton with k = 0.03. Even with a small sample 
of early LHC data, we can cover a large range of the 
parameter space, particularly if the coupling of the 
model is strong k ~ 0.1. 



Acknowledgments 

I would like to thank my supervisor at Brown, Greg 
Landsberg, for giving me the opportunity to work on 
the Extra Dimensions analysis, and present it at the 
DPF'09 Conference. I also thank my colleagues D. 
Nguyen, J. P. Chou at Brown, M. Gataullin, V. Litvin, 
T. Orimoto, and at Caltech for the fruitful collobora- 
tion. Special thanks go to John Strologas. I am grate- 
ful to the entire CMS Collaboration, the technical and 
administrative staff at CERN. And, my deepest love 
goes to Oguzhan... 



References 

[1] N. Arkani-Hamed, S. Dimopoulos, G.Dvali, Phys. 
Lett. B249 (1998) 263 

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, 

G.Dvali, Phys. Lett. B436 (1998) 257 
[2] L. Randall, R. Sundrum, Phys. Rev. Lett. 83 

(1999) 3370 and ibid (1999) 4690. 
[3] I. Antoniadis, Phys. Lett. B246 (1990) 377 

I. Antoniadis, C. Munoz, M.Quiros, Nucl. Phys. 

B397 (1993) 525 

I. Antoniadis, K. Benalki, Phys. Lett. B236 
(1994) 69 

[4] T. Han, J. Lykken, and R.J. Zhang, Phys. Rev. 

D 59, 105006 (1999). 
[5] G. Giudice, R. Rattazzi, and J. Wells, Nucl. Phys. 

B 544, 3 (1999). 
[6] J. Hewett, Phys. Rev. Lett. 82, 4765 (1999). 
[7] M. D Alfonso and others,CMS Physics Analysis 

Summary (PAS) ; . 
[8] E.A. Mirabelli and M. Perelstein and M.E. Pe- 

skin, Phys. Rev. Lett. 82, 2236 (1999). 
[9] V. M. Abazov and others, Phys. Rev. Lett., 102, 

051601 (2009) 
[10] CDF Collaboration, T. Aaltoncn et ai, Phys. 

Rev. Lett. 99, 171801 (2007). 
[11] DO Collaboration, V. M. Abazov et ai, Phys. 

Rev. Lett. 100 (2008) 091802. 
[12] CMS Collaboration, "Search for Large Extra 

Dimensions in the Diphoton Final State" , CMS 

PAS EXO-09-004, 2009, 10pp. |http://cms- 

physics . web. cern. ch /cms-physics / public/EXO- 

09-004-pas.pdf 
[13] CMS Collaboration, "Search for Randall- 

Sundrum Gravitons in the Diphoton Final State" , 

CMS PAS EXO-09-009, 2009, 10pp. |http://cms- | 

physics .web. cern. ch / cms-physics / public/EXO- 

09-009-pas.pdf 
[14] H. Davoudiasl, J.L. Hewett, and T.G. Rizzo, 

Phys. Rev. D63, 075004 (2001). 



